Flexible pressure sensors have attracted great attention due to their potential in the wearable devices market and in particular in human-machine interactive interfaces. Pressure sensors with high sensitivity, wide measurement range, and low-cost are now highly desired for such practical applications. In the present investigation, an ultrasensitive pressure sensor with wide measurement range has been successfully fabricated. Carbon nanotubes (CNTs) (uniformly sprayed on the surface of paper) comprise the sensitivity material, while lithographed interdigital electrodes comprise the substrate. Due to the synergistic effects of CNT's high specific surface area, paper's porous structure, interdigital electrodes' efficient contact with CNT, our pressure sensor realizes a wide measurement range from 0 to 140 kPa and exhibits excellent stability through 15,000 cycles of testing. For the paper-based CNT film/interdigitated structure (PCI) pressure sensor, the connection area between the sensitive material and interdigital electrodes dominates in the lowpressure region, while internal change within the sensitive materials plays the leading role in the high-pressure region. Additionally, the PCI pressure sensor not only displays a high sensitivity of 2.72 kPa -1 (up to 35 kPa) but also can detect low pressures, such as that exerted by a resting mung bean (about 8 Pa). When attached to the surface of a human body, the pressure sensor can monitor physiological signals, such as wrist movement, pulse beats, or movement of throat muscles. Furthermore, the pressure sensor array can identify the spatial pressure distribution, with promising applications in humanmachine interactive interfaces.
INTRODUCTION
The rapid development of smart electric devices and wearable devices like flexible self-power supply systems [1, 2] , flexible sensors [3-5] and flexible displays [6] , has generated considerable excitement. In particular, flexible sensors have attracted significant attention due to their promising applications in electronic skin, wearable health monitoring devices, and human body posture detection systems [7, 8] . On the basis of diverse sensing mechanisms, flexible sensors can be divided into piezoelectric [9, 10] , capacitive [11] [12] [13] , triboelectric [14- 16] , and piezoresistive [17] [18] [19] sensors. In particular, piezoresistive sensors, which can transform a variety of pressure signals into a variety of resistance signals, show key advantages, such as high accuracy, simple signal collection and economical manufacturing. In previous work [20] [21] [22] , many researchers have focused on increasing pressure sensor sensitivity, rather than on increasing the pressure range of an individual sensor. In order to fully realize human body monitoring including pulse detection, voice recognition, wrist movement, and so on, the flexible pressure sensors need to possess not only a high sensitivity but also a wide pressure range [3] [4] [5] , from a few Pa to tens of thousands of Pa [23] [24] [25] .
Sensitive materials and structures are the two vital factors affecting the performance of pressure sensors. Generally, sensitive materials such as graphene [26] [27] [28] , carbon nanotubes (CNTs) [20] [21] [22] , metal nanoparticles [29, 30] , conductive nanowires [31] [32] [33] , and organic polymers [34] are used in flexible sensors because they can be easily attached to the surfaces of flexible substrates or mixed into stretchable polymer. Among these materials, CNT has attracted a great deal of interest due to its remarkable electronic properties [35, 36] . Furthermore, CNT can directly form new conductive paths when subjected to an external force, since its inherently onedimensional (1D) structure endows a high specific surface area. Another essential factor affecting the performance of pressure sensors is the structure, which can be divided into the following three types. The first structure is a mixture of conductive materials and a polymer such as polydimethylsiloxane (PDMS) [37] . The second structure is comprised of conductive materials attached to a rough PDMS surface: micro-pyramid arrays [38] , micro-dome arrays [5], silk fabric microstructures [21] , or leaf microstructures [39] . The third structure is a combination of sensitive materials with foam, cotton thread, or other fabrics, which can directly form 3D porous, sensitive units. This third structure has achieved key advantages of low cost, simple manufacturing, and environment friendliness [40, 41] . Additionally, researchers have proposed and designed numerous methods for achieving high sensitivity (>1 kPa -1 ) and
expanding sensor measurement range (>10 kPa) [42, 43] . For example, Cao et al. [20] reported a high sensitivity (3.26 kPa -1 ) pressure sensor with a measuring range of 0 to about 2.5 kPa, produced by spraying single-walled CNTs on a micro-pyramidal PDMS structure. Bae et al.
[5] combined graphene and PDMS with a micro-dome array structure to make a remarkably sensitive (14 kPa -1 ) pressure sensor with a wide range from 0 to 12 kPa. Shi et al. [4] proposed to use leaf microstructure and graphene to expand the sensor's measurement range up to 25 kPa with a sensitivity of 1.2 kPa -1 . However, none of these sensors can maintain good sensitivity and broad measurement range at the same time. Hence, narrow measurement range, low sensitivity, and complicated processes currently limit the application of pressure sensors in wearable devices.
In the present work, we successfully prepared a pressure sensor composed of paper-based CNT film and interdigitated structure that simultaneously achieved high sensitivity and wide measurement range. When CNT solution is uniformly sprayed on wrinkled paper, CNT evenly adheres to fibers of the paper. New conductive paths can be formed by three methods, including CNT deformations of high specific surface area, paper fibers contacted with each other, and paper-based CNT films contacted with interdigitated electrodes. When an ultralow pressure acts on the paper-based CNT film/interdigital (PCI) pressure sensor, a subtle deformation emerges in the pressure-sensitive material and increases the connecting area between the pressure sensor material and the metal electrodes. When a high pressure is applied, internal change within the sensitive material plays a leading role in the change of signal. Even after 15,000 testing cycles, the PCI pressure sensor shows good stability and an ultra-wide measurement range from 0 to 140 kPa. At the same time, it shows a sensitivity of 2.72 kPa -1 for pressures ranging from 0 to about 35 kPa, and a sensitivity of 0.21 kPa -1 for pressures ranging from 35 to about 140 kPa. The sensor can register wrist pulse measurement and voice recognition, sensing and displaying numerous waveform signals.
In addition, this pressure sensor array has been applied to mapping spatial dynamic and static pressure distributions.
EXPERIMENTAL SECTION

Preparation of PDMS film
The PDMS matrix and the curing agent (Dow Corning Sylgard 184) (mass ratio 10:1) were fully mixed for at least 20 min by mechanical stirring. Next, the mixture was stayed in a vacuum box for 15 min to completely remove bubbles. Subsequently, the PDMS mixture was spincoated onto silicon at 1000 rpm for 10 s and solidified at 80°C for 40 min. Finally, after the PDMS film was carefully peeled off, a suitable size of PDMS film was fabricated by cutting.
Preparation of PI film with electrode structure
First, the polyimide (PI) film was ultrasonically cleaned with acetone, alcohol and deionized water. The photoresist (Suzhou RDMICRO Materials Tech Co. Ltd., Photoresist 4620) was spin-coated on the surface of PI film at 3000 rpm and solidified at 100°C for 1 min. Patterns were then lithographed on the photoresist with a photolithographic machine; expired photoresist was washed using developer solution (Merck Electronic Materials (Suzhou) Co. Ltd., AZ400K Developer). Finally, the copper was deposited on the PI film by magnetron sputtering instrument (DENTON VACUUM Explorer) and then the film was deposited in acetone to remove the copper deposited on the photoresist. The method produced a PI film with electrodes of interdigitated structure.
Preparation of paper-based CNT film
At a mass ratio 20:1, CNTs (Suzhou TANFENG Materials Tech Co. Ltd., TF-24111) and polyvinyl pyrrolidone (PVP) were dispersed in deionized water by ultrasonic dispersion for 1 h. Then, the well-dispersed CNT solution was uniformly sprayed on paper. Finally, the paper-based CNT film was placed on the drying table (LabTech EH20B) at 70°C for 15 min.
Preparation of the pressure sensor
The PDMS film was placed on the top of the paper-based CNT film, while the PI film with electrodes of interdigitated structure was placed below. After the two conductive aluminum tapes and the interdigital electrodes were placed together, the sensor was protected on both sides with Kapton tape (3M).
Pressure sensor measurement
The morphology of the material surface was investigated using a scanning electron microscope (SEM) (ZEISS EVO18). The CNT X-ray diffraction (XRD) pattern was acquired using a PANalytical-empyrean X-ray diffractometer (Cu-K radiation). The CNT Raman spectrum was obtained using a Raman spectrometer (Cobolt 04-01 laser at 514.5 nm). Pressure was applied by a linear force device. The current-time (I-t) curves and current-voltage (I-V) curves were measured by the semiconductor parameter analyzer (Keithley 4200-SCS).
Participants
The volunteer who participated in human testing gave his informed consent.
RESULTS AND DISCUSSION
The process for manufacturing the pressure sensor is shown in Fig. 1a , including packaging, electrode, and piezoresistive material fabrication. The process for preparing the paper-based CNT (PBC) film as a piezoresistive material is simple and efficient. First, evenly dispersed CNT solution was prepared by the ultrasonic method and dripped onto the crinkled paper at equal intervals and constant speed. Due to the good wettability of paper fibers and their porous structure, the above method results in a uniform PBC film in which CNTs are evenly distributed along the fiber surface. Next, the PBC film was dried by using a heating table and then cut to a suitable size. Fabricating the interdigitated electrodes with an accurate shape and good performance on PI film was mainly achieved through two steps. Firstly, an accurate pattern of interdigitated electrodes was formed on the PI film by lithography technology. Secondly, Cu electrode was deposited on the processed PI film, and the redundant structure was washed in acetone afterwards. In order to construct the PCI pressure sensor, a PDMS film was used to encapsulate the PBC and PI film together. Fig. 1b illustrates the working mechanism of the PBC pressure sensor, which relies on three mechanisms for altering the resistance. When a force is applied, CNTs in the same fiber touch each other, different conductive fibers filled with CNTs adjoin each other, and the improved contact area between PBC film and electrode results in the multiplication of conductive paths. Fig. 1c shows that as the external forces are released, the re- The PCI pressure sensor's working mechanism is composed of two parts, as described in Fig. 2 . In the first stage, the connection resistance between the PBC film and Cu electrodes (R C ) is much larger than the resistance of the PBC film (R F ) itself [44] . Under small forces, the change in R C is more obvious than the change in R F , which means R C is a dominating factor affecting the variation in the pressure sensor resistance. As displayed in Fig. 2 , the pressure sensor's initial total resistance (R) can be expressed as follows:
where R M is the resistance of the metal. R C ʹ can be calculated as follows:
where R C ʹ means the change in R C value. In the second stage, when the force is increased to a certain value, the contact area between the PBC film and the metal electrodes is stable. Subsequently, the internal change within the sensitive material plays a significant role in the variation of pressure sensor resistance. PBC fiber resistance (R a , R b ) is composed of the connected resistance of CNTs attached to the fiber. According to the two conductive fibers' distance from one another, the resistance can be divided into three cases [45] . There are three PBC fiber connection types, and their simplified circuit diagrams are displayed in Fig. S1 . It is because of the two different mechanisms that the measurement range of the PCI pressure sensor may be divided into two linear regions. Fig. 3a shows that the paper is composed of many spatially staggered fibers about 12 μm in diameter, which can easily come in contact with each other when a load is applied. Because of the porous structure of the paper, the PBC film has a characteristically high specific surface area, so that the contact area of the fiber is easily altered under slightly changed pressure. Fig. 3b-d reveal that CNTs are evenly dispersed on the fiber surfaces, ensuring homogeneity of the PBC film. XRD and Raman spectroscopy were used to characterize the CNT composition, as displayed in Fig. 3e , f. As depicted in Fig. 3e , the diffraction peak of CNT is at 2θ=26°(JCPDS: No.26-1080). The diffraction peak of CNT is sharp, indicating a high degree of crystallinity that engenders high conductivity.
As shown in Fig. 3f , CNT has two obvious characteristic peaks "D" and "G". The D-band at 1350 cm -1 is related to the scattering of amorphous carbon. The G-band at around 1584 cm -1 presents the integrity of sp 2 hybrid bond structures. When a constant voltage was applied to the PCI pressure sensor, the initial I and R were acquired by measurements. The sensitivity, which is the essential factor reflecting the capability of the device, can be defined as follows:
where ΔI is the change of current and ΔP represents variation in exerted pressure. Fig. 4a shows the I-V curves of the PCI pressure sensor with good linear ohmic characteristics, reflecting the device's stability with respect to static pressure. The sensor's slopes in the I-V curves showed a clear decrease when the pressure increased from 0 to 39.2 kPa. The reason for the sensitive change in resistance is that the conductive paths are easily alerted. As shown in Fig. 4b , when the pressure changed across a wide measurement range from 0.7 to 39.2 kPa, the device retained high stability. Fig. 4c shows that the PCI pressure sensor displays a high sensitivity of 2.71 kPa -1 and excellent linearity in the pressure range from 0 to 35 kPa. In the remaining pressure range from 35 to 140 kPa, the PCI pressure sensor displays a sensitivity of 0.21 kPa -1 . Furthermore, the two parts of the line indicate good coefficients of determination, with respective values 0.99 and 0.98. We have prepared PBC Figure 2 The sensing mechanism of PCI pressure sensor.
films with different CNT concentrations ranging from 1% to 3%, corresponding to pressure sensors PBC1-PBC3. The performance of the PBC1 and PBC3 pressure sensors in the pressure region from 0 to 10 kPa was tested, while the PBC2 pressure sensor showed the best sensitivity (Fig. S2 ). The symbol "~" means that the indicator is not mentioned in the literature. The pressure sensor's sensitivity is determined by the amplitude of resistance change in the device under a certain pressure, so a concentration of CNT that is too low or high produces conductive pathways in dearth or excess, leading to a small dynamic range in resistance. In Table 1 , some pressure sensors with excellent performance are listed, including pressure range, sensitivity, and detection limit. Considering previously reported research, the broad measurement range of the present device is needed for practical applications. The small linear region of the sensor means that a series of subsequent circuits are required for processing, such as amplifier circuits. The present device exhibits very good repeatability over the course of 15,000 loading/unloading cycles, as depicted in Fig. 4d , e. Additionally, the initial and final waveform tests of the device showed almost the same results, and the response time of the pressure sensor was estimated to be 66 ms (Fig. S3 ). The PCI pressure sensor presented a better piezoresistive performance than the pressure sensor fabricated by dropping CNT solution directly onto the interdigitated electrodes (Fig. S4 ). When the CNT solution was dropped directly onto interdigitated electrodes to form the device, the slope of the I-V curve representing device resistance did not change much under different pressures, since fewer conductive paths were formed. Due to the porous structure and anisotropy of the paper, the CNTs adsorbed on paper fibers could form many different conductive paths, allowing the slope of the I-V curve to vary across broad pressures.
Wrist pulse is an essential physiological signal that reflects human health condition and can be detected precisely using wearable PCI pressure sensors. Fig. 5a, b show abundant information obtained from real-time wrist pulse signals of a healthy human wearing a flexible, noninvasive pulse sensor. Fig. 5c shows the details (parameters) of the wrist artery pulse, which includes percussion wave (P-wave), tidal wave (T-wave), and diastolic wave (D-wave). These important characteristics are extensively used in modern medicine to recognize the pulse process and are related to human health status. In medicine, the P-wave is the first systolic blood pressure peak (SBP1) and represents the maximum point of aortic volume and vascular pressure in one artery pulse signal cycle [21] . The T-wave is the second systolic blood pressure peak (SBP2). It is called the heavy pre-wave and is related to the velocity of cardiovascular ejection, internal elasticity of arterial wall, tension and external resistance, as well as the interaction and resonance of various viscera and organs. Hence, the Augmentation Index (AI) can be calculated with the diastolic blood pressure (DBP) line using the expression AI = (SBP2-DBP)/(SBP1-DBP) to indicate human arterial stiffness [34] . Using a human volunteer, we estimated that the volunteer's pulse frequency was 75 beats/min with a regular and periodic waveform. As shown in Fig. 5d , the PCI pressure sensor was attached to the volunteer's neck for voice recognition. Fig. 5e shows that due to high sensitivity and flexibility of the device, diverse characteristic signals could be displayed when the volunteer said various words such as "Hello", "Success", and "Nature". In addition, the same characteristic signals were displayed repeatedly three times when the volunteer repeated the word "Nature", demonstrating the high reliability and repeatability of the device, as shown in Fig. 5f . Movement of throat muscles is expected to be essentially identical when different volunteers speak the same word, so similar pressures are expected to be experienced by the device. The device is applicable not only in rehabilitation courses for voice practice but also as a remote control for machines. As shown in Fig. 5g , the pressure sensor used in detecting human posture was attached to the wrist of the researcher, whose bending angle changed and then stayed in that position for a few seconds. In Fig. 5h , i, the weights of the mung bean and red bean, about 80 mg (~8 Pa) and 266 mg (~26.6 Pa), respectively, were sensitively discerned by the PCI pressure sensor. When different pressures were applied to the PCI pressure sensor in series with an LED lamp, the brightness of the LED lamp changed with the change in the sensor's resistance (Fig. S5) .
In order to improve human-machine interaction and Eskin technology, high-performance pressure sensor arrays are in urgent demand [54] . Fig. 6a, b show the flexible pressure sensor arrays used to detect spatial pressure distribution, containing 3×3 pixels and an area of 10 mm ×10 mm. Two weights (2, 5 g) were placed on different pixels of the array, causing a change in the spatial pressure distribution and thus to the resistance, as shown in Fig. 6c . Other future applications are plentiful for PCI pressure sensor arrays used as human-machine interactive interfaces for real-time spatial pressure distribution analysis. Fig. 6d , e show the pixel resistances of the array being differently and sequentially altered when the letter "L" was being written on the array. In conclusion, the 3D space that contains time, position, and strength can be well reflected through a high-reliability piezoresistive sensor array.
CONCLUSIONS
A pressure sensor with simultaneously high sensitivity and wide measurement range was proposed based on PCI electrodes, then constructed and tested. The flexible sensor reliably measured pressure with a sensitivity of 2.72 kPa -1 in the range of 0 to 35 kPa and 0.21 kPa -1 within the range of 0 to 140 kPa. After 15,000 loading and unloading cycles, the pressure sensor exhibited outstanding reliability and stability. Sensitively detecting pressure sensor exerted by an 80 mg resting mung bean (~8 Pa), this pressure sensor shows promise for applica- tions in wrist pulse detection, voice recognition, and other human movement posture monitoring. In addition, this pressure sensor exhibits potential in the field of human-machine interaction interfaces and E-skin via application in large-area sensors to discern spatial static and dynamic pressure distributions. The high sensitivity, wide measurement range, and low cost of such pressure sensors recommend their extensive use in wearable devices. 
